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We present a device concept for a spintronic transistor based on the spin relaxation properties a
two-dimensional electron gas~2DEG!. The device design is very similar to that of the Datta and Das
spin transistor. However, our proposed device works in the diffusive regime rather than in the
ballistic regime. This eases lithographical and processing requirements. The switching action is
achieved through the biasing of a gate contact, which controls the lifetime of spins injected into the
2DEG from a ferromagnetic emitter, thus allowing the traveling spins to be either aligned with a
ferromagnetic collector or randomizing them before collection. The device configuration can easily
be turned into a memory and a readout head for magnetically stored information. ©2003
American Institute of Physics.@DOI: 10.1063/1.1601693#
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If the current pace of electronic device miniaturization
to continue, it is reasonable to think that the good use of
quantum properties of the electron will play a role in maki
this possible. Traditionally it has been the wave characte
the electron that has been put to this use, resulting in dev
such as the resonant tunnel diode1 and the single electron
transistor.2 Another quantum property of the electron th
only recently has received attention for its potential for
formation storage and processing is its spin. One of the m
promising proposals for aspin electronic ~spintronic! device
is the spin transistor by Datta and Das.3 In that device, elec-
trons are injected from a ferromagnetic contact into a tw
dimensional electron gas~2DEG! and another ferromagneti
contact is used to collect the traveling electrons and ana
their spin. Switching action is achieved by the application
an external electric field, which affects the spin of the e
semble through the Rashba4 effect.

In this letter we see how, by making minimal changes
the device configuration proposed by Datta and Das, and
considering the bulk inversion asymmetry5 ~BIA ! effects, we
can create a family of information processing, storing, a
retrieving devices. We start reviewing the effects in t
2DEG band structure and spin alignments of the combina
of BIA and structural inversion asymmetry~SIA!, and the
consequences for the spin lifetime of the electrons in
2DEG. Then, we describe our proposal for a spin transi
and make some estimates of its performance. Finally, we
describe two kinds of memory cells and a read head base
these effects.

For zinc-blende semiconductor heterostructures we
easily write a Hamiltonian describing both the SIA4 and
BIA6,7 contributions to the 2DEG lowest conduction su
bands of a@001#-grown structure

a!Electronic address: xcs@uiuc.edu
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H5H01aBIA~sxkx2syky!1aSIA~sxky2sykx!

5H1sx~aSIAky1aBIAkx!2sy~aBIAky1aSIAkx!, ~1!

where H0 is the spin degenerate part of the Hamiltonia
aBIA (aSIA) parameterizes the importance of the BIA~SIA!
contribution—aSIA is commonly referred to as the Rashb
coefficient—to the lowest nonvanishing order,s i are the
Pauli matrices andki are the components of the in-plan
electron wave vectork.

For our forthcoming considerations it is important
study the spin configuration ink space that results from Eq
~1!. When aBIA50, the electron spins point in the 2DEG
plane and perpendicular tok ~see, for example, Fig. 1 in Ref
8!. Figure 1 shows the spin expectation values for electr
with wavevector in the 2DEG plane and a magnitudek
50.012p/a. The expectation values have been calcula
from the eigenstates of Hamiltonian ~1!. For
aBIA /aSIA50.25 we see that the spins are slightly tilted r
spect to the tangential configuration for the case ofaBIA50.
However, the usual time reversal requirement that sta

FIG. 1. Spin directions for the lower conduction subband of a 2DEG. T
spins are plotted at 15° intervals, and correspond to states lying on a c
in the kx–ky plane withk50.01 Å. The two plots are for different relative
contributions of BIA and SIA. Note the configuration for the caseaSIA

5aBIA . In that case, no spin direction is specified for the@11̄0# and@ 1̄10#
directions because the states are spin degenerate.
2 © 2003 American Institute of Physics
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

 24 Feb 2014 14:27:18



t.
n

oin

e
ic

tu
th

ng
e

in
.

-

-

e

of
a

ce
an

-
ti
n
il
b

ff

he
In
the

ign
tion
the
tter-
e-
he
the

g-

mil-
i-
t an

s
ting

f
ort

rom
ich

nsit

ne
ew
on
d,

s in
of
all
uld

ted
p-

tio ate
on

hus
fore

1463Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Cartoixà, Ting, and Chang
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within a subband with oppositek have opposite spin is kep
This ensures that, in this single electron picture, there is
magnetism in the 2DEG.

The spin configuration in Fig. 1 foraBIA /aSIA51 is
much more interesting. In it, eigenstate spins can only p
in one of two possible directions, namely@11̄0# and @ 1̄10#,
depending on the angleu betweenk and the@100# direction.9

The boundary of the two regions is atu52p/4 andu53p/4.
The conditionaBIA5aSIA might be achieved by tuning th
value ofaSIA through the application of an external electr
field perpendicular to the 2DEG.10 The value ofaBIA is pri-
marily determined by the intrinsic properties of the consti
ent materials, and its magnitude can only be affected by
thickness of the 2DEG.6

In this particular configuration, the component alo
@ 1̄10# of an injected spin will always be aligned with th
effective magnetic field7 irrespective ofk and, therefore, will
not suffer from the different rates and axes of precession
described by the D’yakonov–Perel’11 ~DP! mechanism of
spin relaxation. Averkiev and Golub12,13 have computed the
DP spin lifetimes of the different components for electrons
the @001# 2DEG. In particular, assuming the validity of Eq
~1!, they see that the lifetime for spins along@ 1̄10# is pro-
portional to (aSIA2aBIA)22. Figure 2 shows the spin life
times plotted from Eq.~19! in Ref. 13, wheret i is the life-
time of the spin component alongi . The values used in the
computation arekF50.01 Å21 ~a degenerate 2DEG is as
sumed!, a momentum scattering timetp50.2 ps andaBIA

515310210 eV cm.14 From this figure, we see clearly th
resonant behavior of the lifetime whenaSIA5aBIA . In what
follows, we will describe how, by driving this component
the spin in and out of resonance through the action of
external bias, we can construct a series of spintronic devi

Figure 3 shows the operating principle of the reson
spin lifetime transistor~RSLT!. The device layout is very
similar to the Datta–Das3 device, except that the ferromag
netic contacts must be designed so that their magnetiza
points in the@ 1̄10# direction, as per Fig. 1. Since the resona
spin direction points in the 2DEG plane, this may be eas
achieved with a thin bar as in the figure. At first, an ensem
of spins pointing along@ 1̄10# is injected in the 2DEG. The
gate bias drives the lifetime of the injected spins on- or o

FIG. 2. The three diagonal elements of the spin lifetime tensor as a func
of the ratio of the BIA and the SIA parameters.
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resonance by settingaBIA5aSIA or aBIAÞaSIA , respec-
tively. In the on state the spins would arrive aligned with t
ferromagnetic collector, thus resulting in low resistance.
the off state, the spins are randomized before reaching
collector and a high resistance is measured.

This operating mechanism indicates some of the des
considerations that the device must meet. Since its opera
is based on the control of the DP relaxation mechanism,
injected electrons must undergo several momentum sca
ing events for proper functioning. This implies that the d
vice must operate in the drift-diffusive regime. Thus, t
fabrication requirements are less demanding than for
Datta–Das device,3 which operates in the ballistic regime.15

Of course, the resonant spin lifetime will have a finite ma
nitude, due to either other relaxation mechanisms16 or to
higher order terms that have been neglected in the Ha
tonian. This finite lifetime in the on mode limits the max
mum transit times the design can sustain. We can ge
estimate of these lifetimes from measurements in@110#-
grown quantum wells.16 There, the DP mechanism for spin
perpendicular to the well is suppressed, and the resul
lifetime is increased to several nanoseconds.

The turn off time will be governed by the spin lifetime o
the electrons in the nonresonant condition. This is a sh
time, of the order of a few picoseconds.17 The turn on time is
given by how fast the random spins can be evacuated f
the channel and substituted for correctly aligned spins, wh
is again estimated by the transit time in the channel. Tra
times of a few picoseconds or less18 are achievable in the
operation of high electron mobility transistors. Thus, o
would expect operating frequencies of the order of a f
hundreds of gigahertz; the limiting factor being the turn-
time. Of course, if a reduction of the transit time is pursue
care must be taken to ensure that the RSLT still operate
the drift-diffusive regime. An experimental demonstration
this device would be free from considerations of local H
effect19 because the orientation of the magnetizations wo
not be reversed.

There are other kinds of devices that can be construc
with these building blocks. If the gate bias in Fig. 3 is a

nFIG. 3. Operating principle of the resonant spin lifetime transistor. The g
bias drives the lifetime of the injected spins on- or off-resonance. In the
state the spins would arrive aligned with the ferromagnetic collector, t
resulting in low resistance. In the off state, the spins are randomized be
reaching the collector and a high resistance is measured.

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 

 24 Feb 2014 14:27:18



vi
tile
ia
c

on
e
n
th
a
t
c
e

of

hi

m

s-
ced

at
h-
am
nd

ter

s,

ev.

T.

ey,

at
d
Th
su

1464 Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Cartoixà, Ting, and Chang
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plied through a charged/uncharged floating gate, the de
would behave as a flash memory. A different nonvola
memory configuration is shown in Fig. 4. In it, the gate b
is set to the resonance condition only during the read cy
and remains off at other times, thus reducing power c
sumption. Then, the ‘‘0’’ or ‘‘1’’ states would be given by th
relative orientation of the magnetization of the emitter a
the collector. The performance would improve because
memory can operate in the ballistic mode. Finally, we c
envision a magnetic information readout head based on
configuration in Fig. 4. Similar to giant magnetoresistan
readout heads,20 the magnetization of one contact would b
pinned while the other follows some stored pattern.

Note added in proof.We have recently become aware
a similar work by Schliemann, Egues and Loss.21 Their work
emphasizes the treatment of quantum point contacts, w

FIG. 4. Operating principle of the resonant spin lifetime memory. The g
bias is fixed in the resonant condition. Different memory states are store
the relative orientation of the emitter and collector magnetizations.
reading of the state is obtained by the application of a current and mea
ment of the resistance.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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have different implications for the collection of spins fro
the extended contacts we consider in this work.
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8T. Schäpers, G. Engels, J. Lange, T. Klocke, M. Hollfelder, and H. Lu¨th, J.
Appl. Phys.83, 4324~1998!.

9D. Z.-Y. Ting and X. Cartoixa`, Phys. Rev. B~submitted!.
10J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Rev. Lett.78,

1335 ~1997!.
11M. I. D’yakonov and V. I. Perel’, JETP Lett.13, 467 ~1971!.
12N. S. Averkiev and L. E. Golub, Phys. Rev. B60, 15582~1999!.
13N. S. Averkiev, L. E. Golub, and M. Willander, J. Phys.: Condens. Mat

14, R271~2002!.
14X. Cartoixà, D. Z.-Y. Ting, and T. C. McGill, cond-mat/0212394~2002!,

Phys. Rev. B~submitted!.
15H. X. Tang, F. G. Monzon, R. Lifshitz, M. C. Cross, and M. L. Rouke

Phys. Rev. B61, 4437~2000!.
16Y. Ohno, R. Terauchi, T. Adachi, F. Matsukura, and H. Ohno, Phys. R

Lett. 83, 4196~1999!.
17A. Tackeuchi, Y. Nishikawa, and O. Wada, Appl. Phys. Lett.68, 797

~1996!.
18K. Shinohara, Y. Yamashita, A. Endoh, K. Hikosaka, T. Matsui,

Mimura, and S. Hiyamizu, IEEE Electron Device Lett.22, 507 ~2001!.
19F. G. Monzon and M. L. Roukes, J. Magn. Magn. Mater.199, 632~1999!.
20C. Tsang, R. E. Fontana, T. Lin, D. E. Heim, V. S. Speriosu, B. A. Gurn

and M. L. Mason, IEEE Trans. Magn.30, 3801~1994!.
21J. Schliemann, J. C. Egues, and D. Loss, Phys. Rev. Lett.90, 146801

~2003!.

e
by
e
re-
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

 24 Feb 2014 14:27:18


